Abstract: In this paper, we consider the design and analysis of a coherent optical OFDM (CO-OFDM) transmitter using an optical in-phase/quadrature (I/Q) modulator with limited extinction ratio (ER) under four modulation formats. The transmitter-side digital signal processing (DSP), including hard clipping and predistortion, is introduced to combat the penalty induced by the limited ER of the modulator and the quantization noise of the digitalto-analog converter (DAC). The DAC resolution needed for transmitters using modulators with various ER values are examined. The peak-to-peak driving voltage (Vpp) and the clipping ratio (CR) of the transmitted signals are also optimized with respect to minimizing the Q-factor penalty for the modulator with different ER values. The simulation results show that, unlike previous work using modulators with an infinite ER, the optimum Vpp and CR values vary with different ERs and modulation levels.
Introduction
Coherent optical OFDM (CO-OFDM) has attracted lots of interest due to its high spectral efficiency (SE) and robustness to fiber dispersion [1] , and is considered as a promising candidate for long haul optical fiber transmission systems. However, multicarrier signals including OFDM have high peakto-average power ratio (PAPR) [2] . Signals with a high PAPR are sensitive to fiber nonlinearity distortions. In CO-OFDM systems, an optical in-phase/quadrature (I/Q) modulator is usually employed to upconvert the baseband OFDM signal to optical domain [3] . The optical I/Q modulator, which has a nonlinear and peak-limited transfer function, will also compromise the signal quality. It's therefore beneficial to combat these impairments through transmitter side digital signal processing (DSP). Recently, optical OFDM systems employing adaptive modulation schemes has also gained much attention [4] , [5] . Hence, it is also desirable to study the optimal conditions to operate the optical transmitter for various modulation formats.
Several contributions have been made to investigate the transmitter design in both multicarrier [3] , [6] - [8] and single-carrier systems [9] - [11] . The nonlinear characteristic of optical I/Q modulator and the optimal biasing point is investigated in [3] . The quantization effect of DACs and transmitter signal processing including hard clipping and predistortion is studied in [6] and [7] . The Q-factor penalty was shown to remain unchanged at small modulation index (small Vpp) scenarios (from 0 to 1) when infinite ER is applied [6] . However, previous researches merely considered QPSK and optical I/Q modulators with infinite ER [3] , [6] , [7] . None of these works considered optical I/Q modulator with limited ER for CO-OFDM systems.
In this work, we consider the transmitter design for CO-OFDM systems under limited ER and DAC resolution values. We analyze the impact of hard clipping, predistortion, and peak-to-peak voltage (Vpp) of the modulator driving signals on the system performance. Four modulation formats, i.e., 4-QAM, 16-QAM, 32-QAM, and 64-QAM, are investigated. The results show that the system performance could be optimized by carefully choosing appropriate values of the clipping ratio (CR) and the Vpp of the modulator driving signals. We'll show that unlike previous work using modulators with infinite ER [6] , the optimum Vpp and CR vary with different ERs and modulation formats. Fig. 1 shows the conceptual diagram of the CO-OFDM transmitter scheme. In Fig. 1 , the block BOFDM Tx[ includes mapping the transmitted sequences into subcarriers, performing inverse discrete Fourier transform (IDFT) and adding the cyclic prefix (CP). The real/image part of the synthesized signal is then processed before digital-to-analog (D/A) conversion, after which the analog signal is sent to driving an optical I/Q modulator.
OFDM Transmitter Architecture
The I/Q modulator employed in this paper is an x-cut LiNbO 3 optical modulator consisting of an MZM with an MZM inserted in each arm, as shown in Fig. 2 [12] . The two inner MZMs in the arm are named child MZM and the outer MZM is named parent MZM according to the specification of I/Q modulator [12] . The MZMs are comprised of two parallel phase modulators connected at both ends by Y-junctions [13] or directional couplers [14] . These two cases behave just the same [14] , and in this contribution, we adopt the Y-junctions scheme. In ideal cases, a Y-junction is characterized by a 50/50 power splitter or combiner; and the phase modulators have identical lengths and insertion losses. Whereas in reality, both unbalanced power distribution (resulted from both unequal splitting/ combining ratios of Y-junctions and unequal insertion losses between phase modulators) and phase difference between two phase modulators exist. Under this circumstance, and when pushpull symmetry is used, the electrical field at the output of an MZM is given by [10] 
where E MZM;i ðt Þ and E MZM ;o ðtÞ are the input and output electrical field, respectively. v ðt Þ is the analog driving voltage comprised of a DC offset d and AC coupled signal sðt Þ, i.e., v ðt Þ ¼ d þ sðt Þ. V is the half-wave driving voltage of the MZM. is the scaling factor used to account for unbalanced splitting/combining ratio between both arms of the MZM ( ¼ jE 2 j=jE 1 j, where E 1 and E 2 are the electrical fields in arm 1 and 2 of the MZM, respectively), and can also be calculated from the definition of extinction ratio (ER)
In the ideal case where the ER is infinite, the scaling factor ¼ 1. By controlling the bias voltage d ¼ ÀV ð= þ 1Þ, Eq. (1) becomes
It was shown that linear upconversion can be achieved by biasing both child MZMs of the optical I/Q modulator at null point [3] . By controlling the bias of both child MZMs at null point and the bias of parent MZM to bring in a =2 phase difference between the two child MZMs, the modulator output can be written as
where E in ðt Þ and E o ðt Þ are the input and output electrical field of the I/Q modulator, respectively. s 1 ðt Þ and s 2 ðt Þ are the driving voltage applied to the two child MZMs. V ;1 , V ;2 , and V ;3 are the halfwave driving voltage of the child MZM1, child MZM2, and the parent MZM, respectively. 1 , 2 and 3 are the scaling factor of the child MZM1, child MZM2 and the parent MZM, respectively. In the following discussion, we assume that V ;1 ¼ V ;2 ¼ V ;3 and 1 ¼ 2 .
The first term in the bracket of Eq. (3) shows that the signal of interest endures a nonlinear sine shape transfer function. It can be compensated by using a predistortion approach [3] , defined as:
where V in and V out denote the signal before and after predistortion, respectively. The second term in the bracket of Eq. (3) shows that a portion of the modulation power, the maximum magnitude of which is determined by the ER value, is drifted to the image part. For signals with large magnitudes, this term will introduce extra noises to the signals and effectively reduce the signal-to-noise ratio (SNR), whereas for signals with small magnitudes, this term can be approximated to a constant, and thus SNR may not be reduced explicitly. However, relatively more optical power will be shifted to the nondata carrying optical carrier.
It should be noted that, from Eq. (4), the finite ER of the parent MZM induced by the scaling factor 3 would only cause I/Q amplitude imbalance, which is beyond the scope of this contribution. Ref. [15] has proposed an approach for OFDM I/Q imbalance compensation. In this work, we consider the case when scaling factor 3 ¼ 1. The goal of this work is to extend the analysis by considering the impact of limited ER of the child MZMs, since the state-of-the-art optical I/Q modulator typically has a child MZM ER of around 20 dB [12] .
Despite the modulation nonlinearity induced by the MZM, another major challenge of OFDM systems is the high PAPR. It will result in four problems: 1) severe quantization noise after D/A conversion; 2) insufficient modulation depth; 3) intermodulation distortion induced by power amplifier; 4) severe fiber nonlinearity distortions. Several approaches to reduce PAPR have been proposed both in wireless or optical fiber communications, such as clipping and filtering [16] , coding [17] , partial transmit sequence [18] , selected mapping [19] , etc. The most straightforward approach to reduce PAPR is to hard clip the time domain signals to a lower level. Despite the fact that clipping would introduce distortion to the signals, the penalty can be neglected for moderate clipping levels [6] . The clipping process can be expressed as [6] 
where s½n and s c ½n denote the signal before and after hard clipping, respectively. The clipping level A is determined by the clipping ratio CR ¼ A=s rms , where s rms is the root mean square (RMS) value of s½n.
Simulation and Results
Monte Carlo simulations were carried out to investigate the transmitter design of the CO-OFDM system. The parameters used in the simulations were: OFDM symbol period of 8 ns, 256 subcarriers, The DAC sample rate 32 Gs/s [20] , 1/8 of an IDFT block used as guard interval, and 1000 OFDM symbols for each simulation. Among the 256 subcarriers, 128 were m-QAM modulated, 10 were reserved for pilot tones, and the rest were zero-padded for oversampling. The laser linewidth at both transmitter and receiver were set to 10 KHz. The baseline Q-factor value for 4-QAM is 8.53 dB (BER ¼ 3:8E À 3 for 7% overhead HD-FEC) [21]- [23] , calculated at an optical signal-to-noise ratio (OSNR) of 10.7 dB. For 16-QAM, 32-QAM, and 64-QAM, a smaller baseline Q-factor of 6.25 dB (BER ¼ 2E À 2 for 20% overhead SD-FEC) calculated at OSNR of 17.2, 21.8, and 27.5 dB, respectively, is used to reduce the OSNR requirement [24] - [26] . Note that the Q factors throughout this paper are calculated from BER using the complementary error function ðerfcÞ. Infinite DAC resolution, infinite ER, and zero laser linewidth are assumed when computing the baseline Q-factor. The system performance discussed below is based on Q-factor penalty, defined as the reduction from the reference Q-factor (8.53 dB for 4-QAM, and 6.25 dB for the rest) when the OSNR is set to 10.7, 17.2, 21.8 and 27.5 dB for 4-QAM, 16-QAM, 32-QAM, and 64-QAM, respectively. A predistortion algorithm using Eq. (5) is also applied in the simulation. Fig. 3(a)-(d) show the contour plots of the Q-factor penalty versus the ER of the child MZM and DAC resolution for 4-QAM, 16-QAM, 32-QAM, and 64-QAM, respectively. The peak-to-peak driving voltage (Vpp) and the CR are optimized for each combination of DAC resolution and ER value, i.e., for each combination of DAC resolution (in terms of effective number of bits, ENOB) and ER value, the Vpp and CR are chosen so that a minimum Q-factor penalty is obtained. For all the four modulation formats, larger values of ER and DAC resolution would promise a better system performance. For a set Q-factor penalty (1 dB for instance), using higher order modulation formats would increase the requirements of the DAC resolution and the ER of the child MZM. For commercially available optical I/Q modulators [12] with 20-dB ER, to achieve a 1-dB or less Q-factor penalty, the DAC resolution required for 4-QAM, 16-QAM, 32-QAM, and 64-QAM modulation formats are less than 4, 4.7, 5.3, and 6.3, respectively. The DAC requirement will be even more stringent when no predistortion algorithm is used, especially in higher-order modulation formats scenarios. For instance, without the usage of the predistortion algorithm, the required DAC resolution will be 6.7 bits for 64-QAM modulated signals. that today's state-of-the-art high-speed DAC can achieve [20] . For each combination of Vpp and ER value, the CR value was chosen so that a minimum Q-factor penalty was obtained. The predistortion algorithm was enabled. As shown in Fig. 4 , we have the following observations: 1) for 4-QAM, a larger Vpp always promises better performance as long as it is less than V ; 2) for 16-QAM, 32-QAM, and 64-QAM, there exists an optimum Vpp G V in order to achieve the minimum Q-factor penalty for each ER value; 3) for 16-QAM, 32-QAM, and 64-QAM, as the ER value increases, the optimum Vpp value decreases; 4) when infinite ER value is used, a smaller Vpp always promises better performance, which agrees with previous observations [6] . For commercially available optical I/Q modulators [12] with 20-dB ER, the optimum Vpp values for 4-QAM, 16-QAM, 32-QAM, and 64-QAM are about 1, 0.9, 0.8, and 0.7 times V , respectively.
We also numerically investigated the optimum CR with respect to minimize the Q-penalty for different ER values, as shown in Fig. 5 . For each combination of CR and ER value, the Vpp value was chosen so that a minimum Q-factor penalty was obtained. The predistortion algorithm was also enabled. The DAC resolution was assumed to be 5 bits. It is shown that, for all the four modulation formats, larger CR values (less clipping) are required when modulators with larger ER values are used. For commercially available optical I/Q modulators [12] with 20-dB ER, CR of about 2.7, 3, 3.2, and 3.4 dB are found to offer the minimum Q-factor penalty for 4-QAM, 16-QAM, 32-QAM, and 64-QAM, respectively.
Conclusion
In a CO-OFDM system, signal processing including digital hard clipping and predistortion could be employed to combat the large PAPR of OFDM signals and compensate the nonlinearity of the optical modulators at the transmitter side. For the four modulation formats we have investigated in this paper, the CR and the peak-to-peak voltage (Vpp) could be optimized with respect to minimize the Q-factor penalty as shown in Figs. 4 and 5. Unlike previous work using modulators with infinite ER, the optimum Vpp and CR values have been shown to vary with different ERs and modulation levels. 
